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Stuttering is a speech disorder long recognized to have a genetic component. Recent linkage studies mapped a
susceptibility locus for stuttering to chromosome 12 in 46 highly inbred families ascertained in Pakistan. We report
here on linkage studies in 100 families of European descent ascertained in the United States, Sweden, and Israel.
These families included 252 individuals exhibiting persistent stuttering, 45 individuals classiﬁed as recovered from
stuttering, and 19 individuals too young to classify. Primary analyses identiﬁed moderate evidence for linkage of
the broader diagnosis of “ever stuttered” (including both persistent and recovered stuttering) on chromosome 9
(LOD p 2.3 at 60 cM) and of the narrower diagnosis of persistent stuttering on chromosome 15 (LOD p 1.95
at 23 cM). In contrast, sex-speciﬁc evidence for linkage on chromosome 7 at 153 cM in the male-only data subset
(LOD p 2.99) and on chromosome 21 at 34 cM in the female-only data subset (LOD p 4.5) met genomewide
criteria for signiﬁcance. Secondary analyses revealed a signiﬁcant increase in the evidence for linkage on chromosome
12, conditional on the evidence for linkage at chromosome 7, with the location of the increased signal congruent
with the previously reported signal in families ascertained in Pakistan. In addition, a region on chromosome 2 (193
cM) showed a signiﬁcant increase in the evidence for linkage conditional on either chromosome 9 (positive) or
chromosome 7 (negative); this chromosome 2 region has been implicated elsewhere in studies on autism, with
increased evidence for linkage observed when the sample is restricted to those with delayed onset of phrase speech.
Our results support the hypothesis that the genetic component to stuttering has signiﬁcant sex effects.
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Developmental stuttering is a communication disorder
that begins in early childhood and is characterized by
involuntary disruptions in the ﬂuency of verbal expres-
sion. The most typical core behaviors are repetitions of
sounds or syllables and articulatory ﬁxation, resulting
in blocks or prolongations of sounds. When the disorder
continues into later childhood and beyond, it may cause
serious interference with both personal and professional
pursuits. Evidence from twin and family studies has
clearly established a role for genetic factors in the de-
velopment of stuttering (Howie 1981; Kidd 1984; Yairi
et al. 1996). Increased concordance rates in MZ twins
versus DZ twins have been consistently observed, with
pairwise concordance estimates ranging from 20% to
83% for MZ twins and from 4% to 19% for DZ twins
(Howie 1981; Andrews et al. 1991; Felsenfeld et al.
2000), depending on the screening method used in the
study. Both Andrews et al. (1991) and Felsenfeld et al.
(2000) calculated that ∼70% of the variance in liability
for stuttering could be attributed to additive genetic ef-
fects, whereas the remaining 30% was due to nonshared
environmental effects. Familial aggregation of stuttering
has been extensively documented, with an increased in-
cidence of ∼15% in ﬁrst-degree relatives of probands,
as compared with a 5% lifetime risk in the general pop-
ulation (Kidd 1984; Ambrose et al. 1993). Segregation
analysis has suggested different genetic models for the
inheritance of stuttering in families, including multifac-
torial/polygenic transmission (Cox et al. 1984), a major
locus with multifactorial/polygenic background (Am-
brose et al. 1993), and, recently, an autosomal dominant
locus (Viswanath et al. 2004).
The onset of stuttering usually occurs in childhood,
between the ages of 3 and 6 years, with reported rates
of natural, unassisted recovery of ∼75% (Yairi and Am-
brose 1999, 2005). So, whereas the lifetime incidence of
stuttering is estimated at ∼4%–5%, its prevalence is
lower, at 0.5%–1% (Bloodstein 1995; Felsenfeld 2002).
An investigation into the relationship between persis-
tence and recovery in stuttering, with the use of pedigree
and segregation analysis, suggested that the two phe-
nomena were not genetically independent disorders,
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though the persistence of stuttering may require the
transmission of additional genetic factors (Ambrose et
al. 1997). In contrast, previous investigations of stut-
tering severity (as measured by the frequency or length
of disﬂuencies) showed no relationship between any
measure of severity and genetic liability to stuttering
(Kidd et al. 1980). It, therefore, seems prudent to use
both broad (any individual who ever stuttered) and nar-
row (those with persistent stuttering) deﬁnitions of af-
fection status in linkage studies of stuttering, although
there is little justiﬁcation for using measures of stuttering
severity in genetic studies.
There is also a signiﬁcant sex bias in the incidence of
stuttering, with a male-to-female ratio of ∼2:1 during
childhood increasing to 4:1 or 5:1 in adulthood (Blood-
stein 1995; Yairi and Ambrose 2005). The increased po-
larity with age of affected males versus females suggests
that recovery from stuttering is considerably more fre-
quent in girls than in boys (Yairi and Ambrose 1999).
Thus, investigations into the genetic basis underlying sex
effects in stuttering are warranted.
To date, only two whole-genome scans designed to
detect genetic variation related to stuttering have been
published. Riaz et al. (2005) reported genomewide-sig-
niﬁcant evidence for linkage of stuttering to chromo-
some 12q ( ) and suggestive evidence forLODp 4.61
linkage to chromosome 1q ( ) in 46 highlyLODp 2.93
inbred Pakistani families. Shugart et al. (2004) observed
modest evidence for linkage to chromosome 18q
( ) in 68 families of European ancestry,NPL p 1.51ALL
in which only individuals with persistent stuttering were
considered as affected.
Both aforementioned studies usedmicrosatellitemark-
ers at an average spacing of ∼10 cM. However, with the
advent of high-throughput genotyping methods that al-
low tens to hundreds of thousands of SNPs to be ge-
notyped at a relatively low cost, using high-density SNP
maps to detect linkage seems an attractive alternative to
microsatellite mapping. In fact, there is growing evidence
that, compared with using traditional microsatellite
maps, using high-density SNP maps lends greater power
to detect linkage (Kruglyak 1997; Evans and Cardon
2004) and improved deﬁnition of underlying disease/
trait loci (John et al. 2004). For example, Evans and
Cardon (2004) showed that, when parental genotypes
were available, a 2-cM–dense SNP map was sufﬁcient
to extract almost 100% of the inheritance information,
whereas a 10-cM–dense microsatellite map could extract
only ∼70%.
Here, we present the results of a genomewide scan
with 110,000 SNPs genotyped in 100 families that have
at least two relatives affected with stuttering. We have
considered both susceptibility to stuttering and persis-
tence of stuttering in our analyses, by using two phe-
notype deﬁnitions that distinguish between individuals
who have ever stuttered (broad) and those with persis-
tent stuttering (narrow). The notable male bias in the
prevalence of stuttering led us to investigate whether
there are sex-speciﬁc genes that underlie susceptibility to
the disorder, as has been suggested for autism, which
also shows a profound difference in risk by sex (Veen-
stra-VanderWeele and Cook 2004). These studies led us
to consider criteria for assessing genomewide signiﬁ-
cance of sex-speciﬁc analyses. Finally, because stuttering
is a complex disorder with multiple interacting genetic
and environmental factors for susceptibility, we per-
formed secondary analyses that allowed us to assess sta-
tistical interactions of loci with the most signiﬁcant ef-
fects in primary analyses.
Material and Methods
Families
The sample comprised 110 families, each with at least two
non–parent/offspring relatives affected with stuttering. The
families were collected from the University of Illinois at Ur-
bana-Champaign ( ); the Tel Aviv University School ofn p 76f
Medicine, Israel ( ); and the Helsingborg Hospital, Swe-n p 16f
den ( ). All samples were collected with the approvaln p 18f
of local institutional review boards and with informed consent.
The primary group of American families were identiﬁed (1)
from pedigrees of 180 children previously evaluated for stut-
tering through a longitudinal study (the Illinois Stuttering Re-
search Program), (2) through a well-established, nationwide
network of speech-language pathologists specializing in stut-
tering, and (3) through publications, announcements, and ﬂiers
at meetings of organizations geared to provide support and
information for people who stutter. Families from the Swedish
and Israeli centers were identiﬁed and recruited by specialists
in stuttering. Since the families were referred through a broad
network of pediatricians, day care centers, and speech-lan-
guage pathologists and by word of mouth, they were consid-
erably more representative of the population than a typical
clinical sample. Blood samples from a total of 585 individuals
were collected. There were 362 males, 233 adult and 129 mi-
nor, and 223 females, 182 adult and 41 minor. A total of 365
affected-relative pairs were identiﬁed.
Diagnosis
Individuals were categorized as having ever stuttered (cur-
rently or in the past) if they met one or more of the following
criteria: (1) direct observation of stuttering by one of the speech
investigators, (2) diagnosis and/or treatment by speech-lan-
guage pathologists, or (3) detailed description by a participant
of stuttering behaviors, judged sufﬁcient to positively identify
the disorder by a speech-language pathologist with expertise
in stuttering. The stuttering was classiﬁed as persistent if the
individual stuttered for a minimum of 4 years and continued
to stutter into later childhood and adulthood. Particular care
was taken to verify any cases of naturally recovered stuttering
(see Yairi and Ambrose [1999] for full treatment of this issue).
If evidence was vague or conﬂicting, the stuttering was clas-
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siﬁed as “status unknown.” Those reported as having ever
stuttered also ﬁlled out a questionnaire regarding their history
of stuttering. An earlier version of this questionnaire has been
used in past research (Ambrose et al. 1997). Stuttering was
classiﬁed as recovered in 45 individuals. Of the remainder, 252
exhibited persistent stuttering, and 19 were too young to de-
termine if they would recover or become persistent.
Genotyping
Ten milliliters of blood was drawn from an antecubital vein
into two 5-ml plastic vacutainer tubes containing ethylenedi-
aminetetraacetic acid. Half of each blood sample was stored
at 70C as a backup, and the other half was used for DNA
extraction and genotyping. DNA was extracted from 3 ml of
blood by use of the PureGene DNA extraction kit (Gentra),
and the remainder of the blood was frozen. The Affymetrix
Mapping Array 10K set was used for genotyping as per the
standard protocol described elsewhere (Matsuzaki et al. 2004).
Three pairs of MZ twins available in the data set were used
to assess the discordance of genotype calls, with only one from
each of the twin sets used in subsequent linkage analyses. The
observed level of genotype disagreement was low, at 0.00012–
0.00037.
Quality Control (QC)
Of the 11,561 total markers, those that were not placed on
the deCODE map or that had a missing rate 110% were dis-
carded from analysis. Extensive relationship checking was per-
formed using PREST (Sun et al. 2002) to assess the evidence
for the speciﬁed within-family relationships and using REL-
PAIR (Epstein et al. 2000) to check across families for unre-
cognized relationships and/or switched or duplicated samples.
Three families were dropped because of unresolvable errors in
pedigree speciﬁcation. Mendelian incompatibilities were iden-
tiﬁed using PEDCHECK (O’Connell and Weeks 1998). Any
markers that were associated with Mendelian errors in more
than two families were dropped from subsequent analyses. All
remaining incompatibilities were coded as “missing.”
Since linkage studies are sensitive to the misspeciﬁcation of
marker-allele frequencies, we compared the marker-allele fre-
quencies of the collected families on the basis of ethnicity. We
observed that the seven non-European families had allele fre-
quencies for the included SNPs sufﬁciently different from those
in the European families that results could be compromised,
and we, therefore, excluded them from these analyses. SNPs
were also checked for departures from Hardy-Weinberg equi-
librium (HWE). Signiﬁcant departures from HWE were ob-
served in only 0.171% of themarkers ( ) and showedP ! .00001
no clustering; therefore, all markers meeting the above-de-
scribed QC standards were kept for our analyses. We note,
however, that the stringent criteria we used for completion of
genotyping (we dropped markers with 110% missing data)
had largely eliminated the markers with highly signiﬁcant de-
partures from HWE.
It has been shown elsewhere that failure to account for in-
termarker linkage disequilibrium (LD), especially when paren-
tal genotypes are missing, can lead to inﬂated linkage scores
(Huang et al. 2004). The effect of intermarker LD was ex-
amined by removing markers that were in high LD ( )2r  0.8
and conducting linkage analyses on the modiﬁed data set. The
average difference in LOD scores observed was low, at 0.025.
This is consistent with the previous reports, in that most fam-
ilies in our sample contain parental data, and the potential
inﬂation in linkage evidence is more marked when parental
data are unavailable. When we eliminated the parental ge-
notypes in our data set, we did detect differences in the evi-
dence for linkage across the genome, depending on whether
markers in LDwere included or excluded in the analysis. Given
that there appeared to be no detectable effect in our data of
including markers in some LD (because of the presence of
parental data), we report here the results of linkage analyses
using all markers passing the QC standards.
Although the genotyping accuracy of SNPs is extremely high
(Matsuzaki et al. 2004), the fact that they encode binary in-
formation makes it harder to detect erroneous genotypes just
by checking for Mendelian incompatibilities (Douglas et al.
2002). MERLIN (Abecasis et al. 2002) was, therefore, used
to identify any unlikely recombination events that were present
in the data set. The baseline event rate was determined by
running MERLIN on ﬁve sets of simulated data that were
known to have no errors. We observed a two- to threefold
increase in the number of events relative to the baseline, with
the exception of a few chromosomes (5, 18, 20, and 22) for
which the number of observed events was similar to the base-
line. All unlikely recombination events that were ﬂagged by
MERLIN were coded as missing, and linkage analyses were
conducted on the modiﬁed data set to determine the effect of
genotyping error on evidence for linkage across the genome.
The mean difference in LOD scores was negligible, at 0.048
over the genome. We, therefore, report here on analyses using
all markers passing QC standards. A total of 9,144 markers
were used in the ﬁnal analysis, with an average genomewide
density of 0.3 cM.
Analysis
Linkage analysis was performed using ALLEGRO (Gu-
dbjartsson et al. 2000) for both broad ( ) and narrown p 100f
( ) phenotype deﬁnitions. The exponential model wasn p 86f
used to obtain nonparametric LOD scores (Kong and Cox
1997), and a total LOD score for families under heterogeneity
(HLOD) was also calculated using a parametric model derived
from previous segregation analyses of stuttering (Ambrose et
al. 1993).
The sex bias observed in stuttering led us to investigate
whether there was sex-speciﬁc evidence for linkage in these
families. The larger ever-stuttered data set was stratiﬁed on
the basis of sex, with the male data set generated by setting
the affection status of all affected females to “unknown,” and
vice versa for the female data set. The new male ( )n p 74m
and female ( ) data sets were used in linkage analyses asn p 9f
described above.
Simulations consisting of 1,000 replicates of the overall data
set, as well as the male-only and female-only data subsets, were
generated using MERLIN to determine the genomewide sig-
niﬁcance of the linkage results, including the sex-speciﬁc ﬁnd-
ings. In assessing the genomewide signiﬁcance of sex-speciﬁc
signals, we tallied signals for the sex-speciﬁc subsets of rep-
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licates at least as large as those observed in the real sex-speciﬁc
data that also had a sex-speciﬁc LOD difference, DLOD
(DLODp maximum local LOD score in sex-speciﬁc subset
maximum local LOD score in overall data), at least as large
as that observed for the actual data. These criteria explicitly
acknowledge that signals will be considered sex-speciﬁc only
when the LOD score in a sex-speciﬁc data subset is larger than
that in the overall sample and that the signiﬁcance of signals
with the same LOD score for sex-speciﬁc data subsets will
differ depending on the magnitude of the signal in the overall
sample. Because the SNP maps are relatively dense, we ex-
pected a 5-cM window for calculating DLOD to be sufﬁcient
but examined the robustness of results when using a 5-cM
window (LOD for the overall data is the maximum LOD score
within 5 cM on either side of the location of the maximum
LOD score for the largest sex-speciﬁc LOD score in that region)
and a 10-cM window.
To assess potential interactions between linkage signals of
interest and the rest of the genome, conditional analyses were
performed. Three weighting functions (described below) were
used to generate sets of family-speciﬁc weights based on the
largest of the primary signals obtained for the ever-stuttered
and persistent-stutter diagnoses, as well as for the largest sex-
speciﬁc signal in males (chromosome 9, 60 cM; chromosome
13, 14 cM; chromosome 15, 19 cM; chromosome 7, 153 cM).
Weighted linkage analyses were then performed on the re-
mainder of the genome, as described above. Weighting func-
tions were as follows:
1. Weight0–1: Families with a negative NPL score at the lo-
cation under investigation were assigned a weight of 0
(i.e., they were excluded from the subsequent weighted
analysis), whereas families with a positive NPL score
were assigned a weight of 1 (included in weighted
analysis).
2. Weight0–NPL: Families with a negative NPL score received
a weight of 0, whereas families with a positive NPL were
assigned a weight equivalent to the value of the NPL
score.
3. Weight1–0: Families with a negative NPL score were as-
signed a weight of 1, whereas families with a positive
NPL received a weight of 0.
Statistical signiﬁcance was assessed by permuting the original
weights ﬁles (1,000 total permutations) and by conducting
linkage analyses on the actual data set with use of each of the
1,000 permuted weight ﬁles.
The family-based association test (FBAT) (v.1.5.5) (Rabi-
nowitz and Laird 2000) was used to test the null hypothesis
of no association and no linkage for each marker with the
persistent-stuttering phenotype under an additive genetic
model. Genomewide signiﬁcance was assessed by comparing
the number of signals exceeding a range of P value thresholds
in the actual data set with the 1,000 null replicates used in the
linkage study. For associated markers showing strong LD
( ), only one marker was counted in the actual data set,2r  0.8
since linkage equilibrium was assumed under the null hypoth-
esis. Overlapping signals for FBAT and linkage (nonparametric
LOD score) were considered if a marker exceeded the speciﬁed
signiﬁcance thresholds for both analyses. Genomewide signif-
icance for the overlapping signals was assessed by comparing
the actual and the 1,000 null replicates.
Results
The genomewide nonparametric LOD scores (Kong and
Cox 1997) for the broad and narrow phenotype deﬁ-
nitions are shown in ﬁgure 1. The HLOD results tracked
remarkably well with the nonparametric LOD scores,
with a correlation over the genome of 0.784, and are,
thus, not shown separately. For the ever-stuttered phe-
notype, a total of 100 families were included in the anal-
ysis, and the largest score was observed on chromosome
9 (60 cM), with a LOD of 2.3 (ﬁg. 2a). Chromosomes
2 and 7 also showed nominal evidence for linkage, with
LOD scores of 1.72 and 1.69, respectively. For the per-
sistent-stuttering phenotype, a total of 86 families were
included in the analysis, and positive evidence for linkage
spanning a large region on chromosome 15 (5–96 cM)
and peaking at 23 cM, with a LOD score of 1.95, was
observed (ﬁg. 2b). Modest evidence for linkage to chro-
mosome 13 (14 cM), with a LOD score of 1.72, was
also seen.
Sex-speciﬁc analyses resulted in increased evidence for
linkage in three regions across the genome. Genome-
wide-signiﬁcant evidence for linkage on chromosome 21
(LOD score of 4.5; DLODp 4.46) was observed in the
female-only families (ﬁg. 3a). Within the 1,000 female-
only simulated data sets, there was a peak that exceeded
the 4.5 LOD threshold and the 4.46 DLOD threshold
(with use of either a 5-cM or a 10-cM window) only
ﬁve times (genomewide ). Analysis of the malePp .005
data set showed increased evidence for linkage on chro-
mosome 7 at 153 cM (ﬁg. 3b) and chromosome 20 at
38 cM (ﬁg. 3c), with LOD scores of 2.99 and 2.18,
respectively, and DLOD values of 1.30 (for both window
sizes) and 1.52 (for 10-cM window; DLOD p 1.39 for
5-cM window), respectively. The genomewide signiﬁ-
cance of the chromosome 7 linkage signal was estimated
as (for both window sizes), whereas that forPp .04
chromosome 20 was for a 5-cM window andPp .096
.115 for a 10-cM window.
Conditional analyses identiﬁed four regions across the
genome that showed a notable increase in evidence for
linkage, with LOD scores 12.5. The weighting functions
enable us to detect both positive (weight0–1 and weight0–
NPL) and negative (weight1–0) interactions, since families
are assigned weights on the basis of the presence or
absence of linkage, respectively, to the signal of interest.
When families were weighted on the basis of their evi-
dence for linkage at chromosome 15 (weight0–1), a pos-
itive interaction was observed with chromosome 13, for
which the evidence for linkage increased from a LOD
score of 1.78 to 2.8 ( ) (ﬁg. 4b). Conversely, aPp .013
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Figure 1 Nonparametric LOD scores obtained across the genome with use of the broad-affection classiﬁcation of “ever stuttered” (A)
and the narrow-affection classiﬁcation of “persistent stuttering” (B).
negative interaction was observed with chromosome 20
(weight1–0) at 40 cM, with a LOD score of 4.5 (ﬁg. 4a).
In the 1,000 simulated data sets that were generated, a
peak crossing that threshold was not observed ( ),Pp .0
making this interaction highly signiﬁcant. In addition,
the location of the peak overlapped the male-speciﬁc
linkage signal previously detected. When families were
weighted on the basis of their evidence for linkage at
chromosome 9, increased evidence for linkage on chro-
mosome 2 at 193 cM was observed using the weight0–1
function, with the original LOD score of 1.63 increasing
to 3.16 ( ). Interestingly, when families werePp .01
weighted on the basis of their evidence for linkage at
chromosome 7 (153 cM), analysis with the weight1–0
function led to the observation of a negative interaction
in the same location on chromosome 2 ( ) (ﬁg.Pp .013
4c). Finally, a strong positive interaction ( ) withPp .01
the chromosome 7 linkage signal and chromosome 12
at 120 cM was observed, with the LOD score increasing
from 0.57 to 2.66 (ﬁg. 4d).
FBAT did not reveal any marker showing genome-
wide-signiﬁcant association for persistent stuttering.
Moreover, there were no more overlapping signals be-
tween FBAT and linkage analyses than expected by
chance alone (data not shown).
Discussion
Genomewide linkage analysis of 100 families segregating
for stuttering resulted in suggestive evidence for linkage
on chromosome 9, by use of the broad phenotype def-
inition, with a LOD score of 2.3 at 60 cM. Modest
evidence for linkage with the persistent-stuttering di-
agnosis was detected on chromosomes 15 and 13, with
LOD scores of 1.95 (23 cM) and 1.72 (14 cM), respec-
tively. However, primary linkage mapping of the overall
data did not yield any LOD scores in the range of criteria
established for genomewide signiﬁcance (Lander and
Kruglyak 1995). These results are not surprising, since
a large proportion of linkage studies designed to identify
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Figure 2 Close-up of the chromosomes with the highest evidence
for linkage in the primary analysis for each phenotype deﬁnition.Chro-
mosome 9, with a LOD score of 2.3 at 60 cM (A), and chromosome
15, with a LOD score of 1.95 at 23 cM (B), showed the highest
evidence for linkage by use of the broad and narrow phenotype def-
initions, respectively.
the underlying genetic variation of complex diseases
have met with limited success. Altmuller et al. (2001)
analyzed 1100 published whole-genome scans of com-
plex human diseases and found that only 32% reported
signiﬁcant linkage (LOD 13.6) and that only 2% of the
studies showed replicated evidence for linkage. These
results can be attributed both to methodological limi-
tations, such as small sample size, genotyping errors,
and/or clinical heterogeneity, and to the underlying com-
plexity of genetic models for common diseases arising
from the actions and interactions of genetic and non-
genetic factors.
Recently, several studies have advocated investigating
the sex-speciﬁc genetic architecture of complex disor-
ders, especially when the disorder exhibits a skewed sex
ratio (Stone et al. 2004; Weiss et al. 2005). The search
for potential sex-related loci in our stuttering cohort was
quite successful, leading to the identiﬁcation of several
regions that merit further investigation. We observed ge-
nomewide-signiﬁcant evidence for linkage (genomewide
) of stuttering in the male-only data set on chro-P ! .04
mosome 7 (153 cM). Evidence for linkage to this region
is supported by replication of the ﬁnding (including the
sex-speciﬁc effect) in the Hutterite stuttering cohort (J.
K. Wittke-Thompson, unpublished data). Modest evi-
dence for linkage to chromosome 7 (160 cM) was also
observed in families ascertained for speciﬁc language im-
pairment (SLI), a disorder characterized by impairments
restricted to the domain of language skills and in the
absence of other factors such as mental retardation and
speech-motor or sensory deﬁcits (Bartlett et al. 2004).
This region was also identiﬁed as harboring a language-
related QTL for autism (Alarcon et al. 2005), a disorder
characterized by disturbances in social, communicative,
and behavioral functioning and that also shows a strik-
ing male bias in prevalence, with consistent estimates of
4:1 affected males versus females (Veenstra-Vander-
Weele and Cook 2004). A greater-than-expected prev-
alence of SLI in families with autistic disorder and vice
versa has been observed, as has the existence of over-
lapping phenotypes for the two disorders (Folstein and
Mankoski 2000). It is, therefore, tempting to speculate
that there are one or more genes in this region of chro-
mosome 7 that help to shape dimensions of speech and
language development and that may differ (e.g., in tim-
ing) between males and females, with genetic variation
at the gene(s) affecting susceptibility to SLI, autism, and
stuttering. We note, however, that this region does not
encompass the FOXP2 gene identiﬁed elsewhere as the
causal gene for a rare speech and language disorder seg-
regating in a large pedigree (Lai et al. 2001).
We also obtained genomewide-signiﬁcant evidence for
linkage of stuttering in the female-only subgroup on
chromosome 21 (33.5 cM), with a LOD score of 4.5.
Although the LOD score is likely to be poorly estimated
in a sample this small, simulation studies conﬁrm that
a signal of this magnitude is very unlikely by chance
(genomewide ). Moreover, there is some sup-Pp .005
port for this ﬁnding, including the sex-speciﬁc nature of
the result, in an independent stuttering data set (J. K.
Wittke-Thompson, unpublished data).
Replication of evidence for linkage in complex dis-
orders is limited, as previously mentioned. Two whole-
genome scans for stuttering have been published so far,
with only one signiﬁcant result on chromosome 12 at
115 cM, with a LOD score of 4.61, observed to date
(Riaz et al. 2005). Conditional analysis using families
weighted on the basis of their evidence for linkage to
chromosome 7 (153 cM), a genomewide-signiﬁcant link-
age signal in our data, showed a marked increase in the
evidence for linkage to chromosome 12, with a resulting
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Figure 3 Sex-speciﬁc evidence for linkage. A, Analysis of the
female-only data set (gray line) compared with the complete data set
(black line) on chromosome 21, showing signiﬁcant increase in the
LOD score when only females are classiﬁed as affected. B, Similar
signiﬁcant increase in the evidence for linkage on chromosome 7 when
the male-only data set (gray line) is compared with the complete data
set (black line). C, Increased evidence for linkage also observed in the
male-only data set (gray line) on chromosome 20.
LOD score of 2.66 (increased from a baseline LOD of
0.57). The location of the chromosome 12 signal in our
stuttering cohort overlaps with that reported by Riaz et
al. (2005), providing support for the existence of a locus
affecting susceptibility to stuttering on chromosome
12q23-24 in our sample, which is quite historically dis-
tinct from the Pakistani population studied in Riaz et
al. (2005).
Chromosome 2q31-33 is a region of the genome that
has been repeatedly implicated in autism, with evidence
for linkage to this region substantially increasing when
analyses were performed using a narrow diagnosis of
autism with phrase speech delay (Buxbaum et al. 2001;
Shao et al. 2002). Interestingly, this same region on chro-
mosome 2 showed nominal evidence for linkage in the
primary analysis of the overall data set with use of the
ever-stuttered phenotype and increased signiﬁcantly
(conditional ; baseline ;LODp 3.16 LODp 1.63 P !
) when families were weighted on the basis of their.01
evidence for linkage to chromosome 9. A negative in-
teraction between the chromosome 2 locus and the link-
age signal on chromosome 7 was also detected.
The appropriate criteria for assessing genomewide sig-
niﬁcance in the context of sex-speciﬁc linkage analysis
merit some additional discussion. Because the sex-spe-
ciﬁc data used in such studies are subsets of the overall
data, evidence for linkage would not be considered sex-
speciﬁc when the signal in the subsets is merely pro-
portional to the data included. Rather, evidence for link-
age has generally been interpreted as being sex-speciﬁc
when the evidence for linkage in the male or female
subset is at least as large as, and usually is substantially
larger than, the evidence for linkage in the overall sam-
ple. The ﬁxed structure of the sex-speciﬁc data subsets
permits a straightforward estimation of the genomewide
signiﬁcance of sex-speciﬁc signals through the same sim-
ulation studies used to estimate genomewide signiﬁcance
of the results for the overall data. That is, because the
male-only data subset is the same for each replicate, as
is the female-only data subset, it is, therefore, possible
to establish thresholds for the sex-speciﬁc signals and
for the magnitude of the observed increase (DLOD), to
estimate genomewide signiﬁcance.
In contrast, estimating the genomewide signiﬁcance of
an observed conditional linkage signal from this exper-
iment is difﬁcult because most simulations from the null
may not replicate the structure of the real data. In such
circumstances, conditioning on the largest observed sig-
nal in each replicate will rarely generate a set of nonzero
weights as large as that obtained for the real data and,
thus, cannot appropriately estimate the genomewide sig-
niﬁcance of a conditional increase. Although such sec-
ondary analyses must, therefore, be considered “hy-
pothesis generating,” they can be compelling when, as
we have shown here, they highlight regions that have
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Figure 4 Results of conditional analyses that showed a notable increase in evidence for linkage, with LOD scores 12.5. The X-axis
corresponds to the distance in cM from the P terminus of the respective chromosome. The Y-axis corresponds to the nonparametric LOD score.
For all conditional analyses, the weighting function used is indicated in each legend, along with the primary signal (in parentheses) from which
the weights were generated.
been convincingly implicated in independent studies of
the same or related phenotypes.
Finally, our studies emphasize the importance of con-
sidering the sex-speciﬁc genetic architecture of complex
phenotypes. Stuttering is one of many complex disorders
showing striking sex differences in severity and/or prev-
alence, including inﬂammatory bowel disease (Fisher et
al. 2002), mood disorders (Zubenko et al. 2003), and
autism (Veenstra-VanderWeele and Cook 2004). Ap-
proaches considering sex as a factor that may inﬂuence
disease risk in a genotype-speciﬁc manner have met with
success in identifying a variety of sex-speciﬁc suscepti-
bility loci for different complex phenotypes. In the case
of autism, two independent studies showed signiﬁcant
male-speciﬁc evidence for linkage (maximized LOD
score [MLS] 14.0) to chromosome 17q11, whereas anal-
ysis of the families with at least one affected female
showed little evidence for linkage in the same region
(MLS 0.5) (Stone et al. 2004; Cantor et al. 2005).
Recently, sex-speciﬁc heritability and genomewide link-
ages for a total of 17 quantitative traits associated with
common human diseases, such as heart disease, hyper-
tension, diabetes, asthma, and autoimmune disease,
were evaluated in the Hutterites (Weiss et al. 2006). Ten
of these traits showed sex-speciﬁc evidence for linkage,
with two genomewide-signiﬁcant linkages detected in
the male-only subset and two genomewide-signiﬁcant
linkages detected in the female-only subset. Interestingly,
of the 62 regions that showed suggestive evidence for
linkage in either the male-only, female-only, or complete
data set, only 4 regions reached suggestive signiﬁcance
in both the sex-stratiﬁed and complete data set, whereas
none of the male-speciﬁc or female-speciﬁc signals over-
lapped. Notably, none of the sex-speciﬁc signals that
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showed genomewide signiﬁcance reached suggestive sig-
niﬁcance in the complete data set. In light of these re-
ports, as well as the presence of sex-speciﬁc loci observed
in this study, it seems crucial to explore sex-speciﬁc ge-
netic effects when conducting genomewide screens, es-
pecially in those disorders where sex differences in risk
are observed.
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